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Introduction
Hybrid aspen (Populus × wettsteinii Hämet-Ahti), a cross between the native European aspen (P. tremula L.) and American aspen (P. tremuloides Michx.), is considered to be the fastest growing tree species in Finland (Hynynen 1999; Beuker et al. 2016 ). In the 1950s and 60s, hybrid aspen was cultivated in Finland with the purpose of growing raw material for the match industry, but with the fall of match industry in the early 1970s interest in aspen decreased (Beuker 2000; Kärki 2001) . A new breeding programme with hybrid aspen was started in Finland during the mid-1990s with the aim of producing pulpwood (Beuker 2000) . Individual hybrid aspen trees, superior in growth and quality, were selected phenotypically from stands and trials that had been planted during the 1950s and 60s. The selected trees were vegetatively propagated through micro-propagation. Because of the large variation between the trees in succeeding in the propagation process, only clones that had a high rate of propagation success were selected for further testing in field trials.
For pulpwood production, the recommendation is to plant about 1200 hybrid aspen plants per hectare and grow for 20 to 25 years without thinning. After clear cutting, the next generation can be established from root suckers, which are produced in abundance from the existing root system (McCarthy and Rytter 2015; Hytönen 2018) . Dense, sprout originated hybrid aspen stands could also be grown for bioenergy applying much shorter rotations than those recommended for pulpwood (Tullus et al. 2012; Hytönen 2018) . Another option would be a combination of short rotation cultivation for bioenergy or pulpwood, followed by selective thinning, and production of larger dimension trees for veneer or sawn timber (McCarthy and Rytter 2015) .
Hybrid aspen grows best on fertile forest sites and former agricultural land with good aeration and water conditions (Lutter et al. 2017) . At the most suitable sites in Southern Finland the yield of the first rotation stands can be up to 20 m 3 ha -1 per year in rotations of around 20 years (Beuker et al. 2016) . Growth of the second rotation is expected to be even better due to higher stand density and vigorous initial growth of the coppice due to the existing root system. Hybrid aspen is very susceptible to damage by mammal herbivores. Herbivore damage may not only affect the survival and growth rate of the plantations, but also has a major effect on stem and wood quality. The plantations should be fenced against moose and the individual trees protected against voles and hares. Failures of earlier hybrid aspen plantations were mainly due to unsuitable origin of the planting material, unsuitable site conditions, as well as poor management at establishment phase and seedling stage or damage by browsing mammals (Viherä-Aarnio 1999) .
The properties of the biomass feedstock can be determined by various characteristics, depending on the end use. Wood density is considered to be one of the most important quality traits for the usefulness for timber, as a high density has a positive effect on most of the mechanical strength properties (Heräjärvi 2004a,b) . Native European aspen is known to have several favourable properties regarding mechanical processing (Söyrilä 1992; , but studies on the corresponding properties of hybrid aspen are limited Heräjärvi 2009) . Energy yield, measured as heating value, is one of the most important wood quality characteristics for energy plantations (Kenney et al. 1990 ). The ash content of biomass is known to vary between tree species and tree components (Hakkila and Kalaja 1983; Voipio and Laakso 1992; Hytönen and Nurmi 2015) . High wood density entails a higher heating value per volume, whereas high ash content decreases the heating value of biomass (Sheng and Azevedo 2005) . In addition, high amounts of ash can also affect the clogging of the ash handling mechanisms of power plants and may lead to higher cleaning and maintenance requirements of the boilers (Niu et al. 2016) .
In order to know if wood quality traits can be improved through the breeding and selection of superior hybrid aspen clones, more knowledge is needed about the genetic variation as well as the within-tree variation of those traits.
The main objective of this study was to determine the clonal variation of ash and moisture content, basic density and heating value among seven selected hybrid aspen clones growing on former agricultural land in southern Finland. In addition, we examined the variation of those traits within the trees between wood, bark and branches, as well as the vertical variation for wood and bark.
Material and methods

Field trial and clones
The material for this study was obtained from a hybrid aspen clonal trial in Urjala, southern Finland (61°00´N, 23°29´E) that was established in spring 1998. The trial included 25 micro propagated hybrid aspen clones. The clones originated from trees that had been selected phenotypically from stands and trials that were established in southern and central Finland during the 1950s and 1960s. The selected trees were superior in growth, had good stem quality (straight with few branches) and showed no signs of diseases. The one-year-old containerized hybrid aspen plants were grown in the Haapastensyrjä nursery of the Foundation of Forest Tree Breeding. The experimental layout was a randomized complete block design with five replicates and ten trees per plot (two rows of five trees per clone per plot with a spacing of 2 m (within rows) × 4 m (between rows)). The trial was established on a former agricultural field with a sandy clay soil. Before planting, the soil was prepared by ploughing. No weed control was carried out before or after planting. The site was fenced against moose and each individual tree was protected against voles and hares by a 50 cm high Tubex tube.
For this study, seven hybrid aspen clones were selected by phenotype ( Table 1 ). The selected clones were amongst the ten best clones for height growth in the trial. However, because in this study the total tree biomass was studied, in addition to growth, the clones were also selected to be different in branching intensity, based on exterior observation. The share of branches from total mass in the clones of hybrid aspen varied from 30 to 43%, the mean being 34%. Table 1 . The hybrid aspen clones included in the study, the location of the stand they were selected from and the origin of their parents, as accurately as could be recovered from the old documents. 
Field measurements and sample collection
One tree per clone was selected at random from each block (total five trees/clone) and harvested during winter (December-January) after 12 growing seasons. However, due to mortality, two trees of clone 21 had to be taken from block 1 and two trees of clone 27 from blocks 1 and 4. After felling, height (dm) and diameter at breast height (DBH, cm) of each tree were measured. The trees were delimbed and the branches of each tree were collected, weighed and bundled. A sample consisting of 10 cm sections from top, middle and base sections of each branch bundle was taken for analysis. From the stem, 5 to 6-cm-thick sample discs were sawn at a height of 0.6 m, 1.3 m and 2 m from the stump and from there on every two metres to the top of each tree. Only two trees were tall enough to be sampled at 12 metres height. Because there were only two 12 m samples they were excluded from the data. All samples were marked (tree number, sampling height) and packed in plastic bags.
Assessment of ash and moisture content, basic density and heating value
In the laboratory, the diameter with and without bark of each disc was measured in two directions perpendicularly. Subsequently, the stem sample discs were divided horizontally into two discs (2.5-3 cm in thickness). Of these, one disc was used for determining basic density using the water replacement method (Olesen 1971) . After measuring the total volume with bark of these discs, they were debarked (outer and inner bark) and re-measured to obtain the volume of wood. The volume of bark was calculated on the basis of these two measurements. Then, the bark and wood samples were dried at +105 °C to constant weight and weighed, and moisture content and basic density calculated separately for wood and bark. One basic density measurement for bark was omitted from the analysis due to a measurement error. The other disc halves, as well as the branch sample, were used for analysing the ash content and heating value of wood, bark and branches. These sample discs were debarked carefully. Then the wood and bark samples from all disks belonging to one and the same tree were united to form one wood and one bark sample per tree, dried at +70 °C to constant weight and milled.
Calorific heating value (qp(gross)) was determined with an IKA C 500 calorimeter. In order to calculate the effective (qp(net)), lower, net calorific value on a dry basis) heating value it is necessary to known the hydrogen content of the compartments, since the heat of condensation of water vapour created during combustion has to be taken into account. The hydrogen concentrations used were obtained from Nurmi (1997) and for branches and bark they were calculated as means from figures presenting values for different sized branches and inner and outer bark (stem 6.32%, branches 6.07%, bark 6.23%). The following formula was used in the calculation (see Alakangas et al. 2016) :
qp(net) = net (effective) calorific value on a dry basis at constant pressure, kJ kg -1 qp(gross) = gross calorific value on a dry basis, kJ kg (Alakangas et al. 2016) . Ash content of the samples was determined by ashing the samples at 550 °C for 8 hours.
Statistical analyses
The basic density and moisture content of stem wood, stem bark and the whole stem (wood plus bark) for each tree was calculated as a mean weighed by diameter squared at each measurement point at different heights. The clonal differences in the wood, bark and stem basic density, moisture content, heating value and ash content were tested with mixed linear models with the clone as fixed effect, replication as random effect and tree height as covariate. The clonal means were compared using Student's LSD test at significance level p < 0.05. The effect of clone and sampling height on basic density and moisture content of wood, bark and stem was tested with repeated measures analysis of variance, where sampling height was used as a within-subject variable. Due to several trees being shorter than 10 m, the analysis was confined to 8 m of height. When in the repeated ANOVA models Mauchly's test indicated that the assumption of sphericity had been violated, the degrees of freedom were corrected using Greenhouse-Geisser estimates of sphericity. When testing figures in percentage terms, variance stabilizing transformations of square root arcsine was used. The pairwise linear dependences between the studied traits were examined with Pearson's linear correlation coefficients calculated on the clonal means. All analyses were done using the IBM SPSS 22.0 programme.
Results
Tree height and diameter
The mean height of all trees was 10.6 m and their DBH 10.8 cm (Fig. 1 ). There were significant differences in the height of the clones, but not in their DBH.
Proportion of wood and bark
The clones differed in wood (and bark) fraction in the stems (Fig. 2) . The amount of wood in the hybrid aspen stems was on average 84.9%, with a range of 8 percentage points between clones. The wood fraction of the stem biomass remained quite constant until up to 6 m height after which it started to decrease (Fig. 2) . The decrease of the wood fraction towards the top of the tree was significant. There was also a significant sampling height × clone interaction for the fraction of stem wood. For clonal means there was a strong positive correlation (r = 0.883, p = 0.008) between tree height and the proportion of wood in the stems.
Ash content
The ash content was lowest in hybrid aspen wood with a mean value for all clones of 0.45%. There were clonal differences in ash content of the wood (Fig. 3) . Clone 21 had the lowest ash content (0.40%) and clone 26 the highest (0.49%). Ash content of the bark was almost 10 times higher than that of the wood (mean of all clones 3.9%). Clone 20 had exceptionally low ash content in the bark compared to other clones (Fig. 3) . The ash content of the branches (mean of all clones 2.4%) was intermediate to that of the wood and bark. Ash content of the wood and bark did not correlate significantly with the size of the trees (DBH, H). However, because the ash content of the bark was much higher than that of the wood, the ash content of branches correlated negatively with DBH (r = -0.475, p = 0.004) and H (r = -0.358, p = 0.035). Bigger trees had bigger branches and thus relatively less ash rich bark in the branches. When calculated on clonal means, no significant correlation was found between the ash content of wood and ash content of bark. 
Moisture content
The moisture content of the hybrid aspen clones was highest in the wood (on average 54.9%), lowest in the bark (48.9%) and intermediate in the branches (50.1%) (Fig. 4) . The average moisture content of the whole stem without branches (54.3%) was only slightly lower than that of the wood fraction due to the small share of bark of the total stem biomass. There were significant clonal differences in the moisture content for wood, bark, stem as well as branches. For wood moisture content the covariate (height) was significant indicating that bigger trees had lower moisture content. No significant correlation was found between the moisture of wood and moisture of bark, when calculated on clonal means.
The effect of sampling height on wood, bark and stem moisture contents was significant (Fig. 5) . However, wood and bark moisture contents changed differently in the vertical direction. The moisture content of wood was lowest at the base of the stem and increased in a vertical direction reaching its maximum at 2-4 m height, then gradually decreasing further upwards and in most of the clones reaching its minimum at top of the trees (Fig. 5) . The bark moisture content was lowest at the base of the stem and increased consistently towards the top of the tree. The moisture of stem (wood and bark) was lowest at the stem base. However, vertical changes in stem moisture were smaller than those observed in wood and bark since the moisture of the wood was low and that of bark high at the top of the stems. There were significant clonal differences in the moisture content of the wood, bark and stem. The clone × sampling height interaction was significant for wood and stem moisture content indicating that the studied clones had different moisture content at different heights. 
Basic density
The average basic density of wood for all clones was 378 kg m -3 and that of bark 450 kg m -3 . There were significant clonal differences in basic density both for wood and bark (Fig. 6) . The difference between the clones with the highest and lowest basic density of wood and bark was 44 kg m -3 and 91 kg m -3 , respectively. Correlation between the density of wood and density of bark was not significant, when calculated on the clonal means. For clonal means there was, however, a strong negative correlation between tree height and density of wood (r = -0.796, p = 0.032), as well as between height and density of stem (r = -0.832, p = 0.020).
The effect of sampling height on wood, bark and stem basic density was significant (Fig. 7) . The basic density of hybrid aspen clones decreased from the base of the stem up to 4-6 m height, but increased again further upwards toward the top of the tree (Fig. 7) . The clonal variation was significant as was the clone × sampling height interaction. Clone 24 had at the lower parts of the stem exceptionally low basic density (Fig. 7) . The variation in basic density of bark was higher than that of wood. Basic density of bark was highest close to the ground and generally decreased up to 4 m, slightly increasing again towards the top of the trees. 
Heating value
Analysis of covariance showed clonal differences in the effective heating value for both stem wood and stem bark of hybrid aspen clones (Fig. 8) . For wood, also the covariate (tree height) was significant. However, there were no significant differences in the effective heating value for the branches of the different clones. The effective heating value of wood was lower than that of bark, and that of branches was intermediate. The average effective heating value of wood was 18.264 MJ kg -1 , bark 19.239 MJ kg -1 and that of branches 18.747 MJ kg -1 . The difference in heat- ing value between the clones with the lowest and highest value of the wood was 2.4% and that of bark 4.9%. Clone 27 had the highest heating value in wood, but lowest in bark. For clonal means, no significant correlation was found between the wood density and heating value of wood, as well as between the bark density and heating value of bark. Neither did heating values of wood and bark correlate significantly.
Discussion
After 12 growing seasons, the aspens were on average 11 m in height. The trial in Urjala was one of a series of trials in southern Finland including the same clones. Compared to the other trials in this series, the growth was lowest at this site (data not shown). The poorer growth was probably mainly due to a lack of weed control and, consequently, competition from weeds especially during the first year after planting. If no weed control is conducted, competition from weeds on former agricultural lands is strong (Hytönen and Jylhä 2005, 2013) and it can have a significant effect on the survival and growth of Populus seedlings (Böhlenius and Övergaard 2015) .
Stem biomass is composed of wood and bark. The proportions of these components vary with the diameter and height of the tree. Usually, the majority of the stem mass is concentrated in the wood, which makes it the single most important component to consider when ash content or heating value for the whole stem is calculated (Nurmi 1993) . The amount of bark produced can be also important since the interest for secondary metabolites is growing and aspen bark could serve as a source of natural antioxidant agents under certain conditions (Diouf et al. 2009 ). When aspen is grown in short-rotations of 5-10 years for biomass production, the dimensions of the harvested trees remain small, and as a result of this the bark fraction can be quite high (Hytönen 2018) . In this study, the bark percentage started to increase at the height of 6 m when the diameter of the stems had decreased to 4-7 cm. The average bark percentage (15%) was similar to that reported by Tullus et al. (2009) for hybrid aspens 7-8 cm at breast height. Bark percentage reached 25-50% at the top of the stems. Similar bark percentage has been reported for trees being 1-2 cm by DBH (Tullus et al. 2009 ).
We found clonal differences in the basic density of wood and bark in our 12-year-old hybrid aspens in accordance with the results of Rytter and Stener (2003) from 14-year-old hybrid aspens. The range between clones in the density of bark (91 kg m -3 ) was much greater than the range in the density of wood (44 kg m -3 ). The range in basic density reported in this study was in accordance with the values reported in most of the earlier studies (Illstedt and Gullberg 1993; Rytter and Stener 2003; Zeps et al. 2016 ). However, Hart et al. (2013) and Heräjärvi (2009) have measured higher basic density values of wood for hybrid aspen. No significant correlation was detected between wood density and tree diameter, and in the analysis of covariance the covariate (tree height) was not significant. However, clonal means of wood and stem density correlated negatively with height in our study, i.e. the fast growing clones had lower average wood density than the slow-growing ones. This result is in line with who found the fastest growing aspen trees having the lowest average wood density, although their study did not include clonal comparisons. On the other hand, Zeps et al. (2016) and Tsoumis (1991) have suggested that growth rate should have no significant influence on the wood density of diffuse porous species such as aspen. Our results suggest that selection for fast growth in hybrid aspen could lead to a decrease in wood density. However, further studies using larger sample of clones would be needed to verify this result.
The basic density of hybrid aspen bark, wood and stem decreased from the base of the stem up to 4-6 m height, but started to increase again further up toward the top of the tree. A similar trend was observed earlier by who also reported lowest average wood density at the height of 2-8 metres from the base in their 32-year-old trees. Accordingly, wood density has been reported to be highest at the stem base and within the living crown also in European aspen (Kärki 2001; . Wood density of hybrid aspen varies also in the horizontal direction even though within-stem density variation is more uniform than in European aspen . Density in hybrid aspen is lowest 2-6 cm from the pith and increases towards cambium and wood under the bark . According to Kärki (2001) wood density of European aspen is higher directly under the bark than in the piths at tree heights up to 12 meters.
Higher effective heating values for the bark compared to the wood have been reported for many tree species, e.g. Scots pine, downy birch and silver birch (Nurmi 1993 (Nurmi , 1997 (Nurmi , 2000 . In this study, this was found to be true also for hybrid aspen, the bark having a 5.5% higher effective heating value than the wood. Tullus et al. (2009) reported hybrid aspen having higher calorific value in stembark than in stemwood. In contrast, Nurmi reported small European aspen trees having a lower effective heating value for bark than for wood (Nurmi 1993) , whereas mature trees had a higher effective heating value for bark than for wood (Nurmi 1997) . However, the material of Nurmi (1993) consisted of only two European aspen sample trees while our data consists of 35 trees thus reducing tree-to-tree variation. In our data, one tree had bark with a slightly lower effective heating value than the wood.
In general, the hybrid aspen stemwood and stembark effective heating values (MJ kg -1 ) in this study were comparable with those measured for native aspen, but lower than measured for silver birch, downy birch, grey alder and black alder (Nurmi 1993) . Birch and alder bark have a considerably higher heating value than that found in hybrid aspen or European aspen (Nurmi 1993) . The changes in the amounts of bark and wood proportions often have a significant effect on the effective heating value of the stem. The older and bigger trees are, the smaller their bark percentage is. Since the clonal differences in heating value were small in magnitude (0.45 MJ kg -1 for wood, 0.93 MJ kg -1 for bark), the selection of clones for biomass cultivation on the basis of the heating value does not seem feasible according to our results.
The ash content varies according to species, tree age and tree components (Hakkila and Kalaja 1983; Voipio and Laakso 1992; Hytönen and Nurmi 2015) . Wood had much lower ash content (0.45%) than bark (3.9%), which is in accordance with other studies. There was also significant clonal variation in the ash content. The differences in ash content between clones having highest and lowest ash content in wood, bark and branches was 21%, 38% and 41% respectively. Ash content of hybrid aspen wood was similar to that reported earlier for 7-year-old hybrid aspens and for downy birch, silver birch and grey alder wood (0.3-0.6%) (Hakkila and Kalaja 1983; Voipio and Laakso 1992; Tullus. et al. 2014; Hytönen and Nurmi 2015) . Much higher wood ash content has been measured in young short-rotation willows (0.8-1.7%) (Lyons et al. 1986; Senelwa and Sims 1999; Hytönen and Nurmi 2015) . The ash content of hybrid aspen stem bark (3.9%) was higher than that of the species growing in the Nordic countries reported as having a bark ash content of between 2.5-3.5% (Hakkila and Kalaja 1983,Voipio and Laakso 1992) and much higher than that reported for young downy and silver birch trees (1.5-1.6%) (Hytönen and Nurmi 2015) . The ash content of hybrid aspen bark was even higher than that reported for young short-rotation willow (2.7-3.6%) (Lyons et al. 1986; Dzurenda 2010a,b; Hytönen and Nurmi 2015) . High ash content, as well as high contents of Ca, Cu, K, Mg were reported by Kuusinen (1996) in the bark of European aspen. The high variation in ash content between the studied hybrid aspen clones could be related to clonal differences in their nutrient concentrations. E.g. Rytter and Stener (2003) reported clonal variation in stem concentrations of K, P and Mg. Since hybrid aspen is considered to be nutrient demanding species (Hytönen 2018 ) the clonal variation in nutrient use efficiency should be studied.
Many factors affect the moisture content of trees and it varies e.g. by species, season, growing site, and within the tree. Aspen has highest moisture content in autumn and in the winter (Hakkila 1962) . Hybrid aspens cut in the winter and in autumn (Tullus et al. 2009 ) had lower moisture content in the bark than in the wood. The seasonal variation in downy birch wood and bark is high, and wood and bark have on the average similar moisture content (Ferm 1985) . The moisture content of hybrid aspen wood was lowest close to the base of the stem and reached its maximum at 2-4 m height, after which it gradually decreased further upwards and in most of the clones reached its minimum at 10 m height. The bark moisture content was lowest at stump level and increased towards the top of the tree. A similar, but much smaller increase towards the top of the tree has been observed also in downy birch (Ferm 1985) . The difference in moisture content between hybrid aspen clones having lowest and highest moisture content was 12%, 8% and 9% in wood, bark and branches, respectively. Most often moisture content is the determining factor in thermal conversion affecting energy yield (Nurmi and Hillebrand 2007) . Nevertheless, moisture content is not a feasible criterion for clonal selection, because after felling of trees it is dependent on post-harvest handling and storage conditions.
Significant differences among the studied 12-year-old hybrid aspen clones were detected in growth, moisture content, ash content, basic density and heating value of wood and bark, as well as in the share of wood and bark in their stems. Although based on a limited material (seven clones in one trial), our results suggest that these biomass characteristics could be improved by clonal selection, which could improve the suitability of hybrid aspen for various end uses. An advantage of clonal selection is that the total genetic variation can be used. However, when selecting for various characteristics also the correlation between characteristics should be taken into account (Bisoffi and Gullberg 1996; Yu et al. 2001) . In this study the negative correlation detected between height growth and wood density indicated that selection for fast growth may have a negative effect on wood density in hybrid aspen.
